Curve squeal is commonly attributed to self-excited vibrations of the railway wheel, which arise due to a large lateral creepage of the wheel tyre on the top of the rail during curving. The phenomenon involves stick/slip oscillations in the wheel/rail contact and is therefore strongly dependent on the prevailing friction conditions. The mechanism causing the instability is, however, still a subject of controversial discussion. Most authors introduce the negative slope of the friction characteristic as source of the instability, while others have found that squeal can also occur in the case of constant friction due to the coupling between normal and tangential dynamics. As a contribution to this discussion, a detailed model for high-frequency wheel/rail interaction during curving is presented in this paper and evaluated in the case of constant friction. The interaction model is formulated in the time domain and includes the coupling between normal and tangential directions. Track and wheel are described as linear systems using pre-calculated impulse response functions that are derived from detailed finite element models. The non-linear, non-steady state contact model is based on an influence function method for the elastic half-space. Real measured wheel and rail profiles are used. Numerical results from the interaction model confirm that stick/slip oscillations occur also in the case of constant friction. The choice of the lateral creepage, the value of the friction coefficient and the lateral contact position on the wheel tread are seen to have a strong influence on the occurrence and amplitude of the stick/slip oscillations. The results from the interaction model are in good qualitative agreement with previously published findings on curve squeal.
Introduction

1
Curve squeal is a highly disturbing tonal sound generated by a railway vehi-2 cle negotiating a sharp curve. This type of noise is commonly attributed to 3 self-excited vibrations of the railway wheel [1] .
4
Since Rudd [2] in accordance with an earlier paper by Stappenbeck [3] dis-5 carded longitudinal creepage and flange rubbing as relevant causes for curve 6 squeal, it is widely accepted that curve squeal arises from stick/slip behaviour 7 due to lateral creepage of the wheel tyre on the top of the rail. The actual 8 mechanism of the instability is however still a controversial topic. Rudd [2] 9 introduced the negative slope of the friction characteristic (i.e. decreasing From a mathematical point of view, the instability can also be explained by [10] . Some experimental evidence that 27 squeal occurs in the case of constant friction has been presented by Koch et 28 al. [21] , who performed measurements on a test rig. Also the conditions at 29 some sites in the Australian railway network suggest the existence of an alter-30 native squeal mechanism [22] .
31
It is possible that both squeal mechanisms coexist in practice and this might 32 be one reason why some models (for certain parameter combinations and ini- 
89
The detailed FE models used for wheel and track include the longitudinal, lat- 
Wheel model
96
The vehicle is represented by a single flexible wheel, which is modelled by axi-97 symmetric finite elements using a commercial finite element software. Fig. 2 98 shows the meshed cross-section of the selected wheel, which is a C20 metro 99 wheel of diameter 780 mm. A rigid constraint is applied at the inner edge of 100 the hub, where the wheel would be connected to the axle. The material data 101 of the wheel are listed in Table 1 .
103
With this FE model, the eigenfrequencies (see Table 2 and Fig. 3 ) and corre-104 sponding eigenmodes have been calculated up to 7 kHz. The eigenmodes are 105 classified according to their predominant motion in axial, radial and circum-106 ferential modes, which have n nodal diameters and m nodal circles [1] . The 107 axial modes will be denoted (n,m,a). As m > 0 does not occur for radial and 108 circumferential modes in the frequency range of interest, they will be referred 109 to as (n,r) and (n,c), respectively. Examples of two axial modes and one radial mode are shown in Fig. 4 . The omission of the axle is known to lead to errors 111 in eigenfrequency and mode shape for modes with n ≤ 1, but has a negligible 112 effect on higher-order modes [1] . As especially higher-order axial modes (with 113 n ≥ 2) have been found to be important for curve squeal [1, 9] , this is not seen
114
as critical for the investigation of squeal noise.
115
The eigenmodes are assigned a modal damping ratio ζ using the approximate 116 values proposed by Thompson [1] :
The mode (1,r) is assigned a damping ratio of 1, since this mode appears too 118 strongly in the frequency response function, when the influence of the axle 119 is disregarded [1] . These damping ratios are used as a first approximation.
120
Considering the importance of wheel damping for the occurrence of squeal, 121 measured modal damping ratios should be used for the investigation of a spe-
122
cific squeal problem in a specific curve.
123
After determining the contact point on the wheel (see Section 2.3), the wheel 124 receptances in the corresponding node are calculated by modal superposition.
125
In addition to the modes of the flexible wheel calculated with the FE model, 
126
The subscripts i and j denote the excitation and response directions, respec- The influence of wheel rotation is neglected. 
Track model
146
The track model consists of one continuously supported rail of type BV50 (a 147 common Swedish rail type) and is built with waveguide finite elements using 148 the software package WANDS [29] . This model takes advantage of the two- 
154
The waveguide finite element (WFE) mesh of the continuously supported rail, 155 which consists of eight-noded isoparametric quadrilateral elements, is pre-156 sented in Fig. 7 . The material data of rail and support, which are chosen 157 similar to the data given in [29] , are listed in Table 1 . The vertical stiffness of 158 the continuous support corresponds to soft rail supports.
159
The equations of the WFE model are presented by Nilsson et al. in [29] . Only 160 a short summary is given here. The basic principle of the WFE method is that the displacement
-in the x-, y-and z−directions -in one waveguide finite element is formulated
whereû is the vector of nodal displacements and N(y, z) are two-dimensional
165
(2D) FE shape functions; i.e. a 2D mesh is sufficient to describe the three-166 dimensional structure.
167
In the same manner as for standard FE models, the complete WFE model is wavenumbers describe propagation and decay of the waves along the rail.
173
For an implicit time dependence e iωt , the amplitude of a free harmonic wave
174
propagating in the positive x-direction is thus described by
whereÛ n is the global displacement vector containing all degrees of freedom 
reads [29]
where the force vectorF 0 is formulated in the wavenumber domain. The ex-184 pression for the amplitudes A n (F 0 ) is given in [29] .
185
For the predetermined lateral contact position on the rail (see Section 2.3),
186
receptances are calculated from the result of Equation (6). 
The lateral and vertical displacements of the track at the contact point, ξ Green's functions
In the case of the continuously supported track used in this article, the mov- Measured wheel and rail profiles are used in the wheel/rail interaction model.
216
The wheel profile is a S1002 profile worn over 169 000 km. The rail profile is a 
222
The roll angle of the wheelset and the deflection of the primary wheelset sus-223 pension for a chosen vertical preload P of 65 kN have been taken into account. The local vertical displacement, which is the displacement difference between 248 rail and wheel,
Normal contact model
is related to the contact pressure according to
where A I3J3 are influence coefficients for the elastic half-space, e.g. found
251
in [33] . The total vertical contact force, F 3 , is obtained by summing the con-
252
tributions from the different elements:
Introducing the variable d I describing the distance between the deformed bod-254 ies in each element, the contact conditions are formulated as
If contact occurs in a surface element, the distance is zero and the contact 256 pressure is positive. If contact does not occur, the distance is positive and 257 the pressure is zero. Adhesion and penetration are excluded by Equation (12).
258
The distance d I is obtained as 
The normal contact problem is solved with an active set algorithm [33]. and tangential stresses p Iτ at the surface.
267
The relation between local tangential displacements and tangential stresses is
268
given by 
A contact element belongs to the stick area if the local shift, S Iτ , vanishes:
Otherwise the contact element belongs to the slip area. The local shift, defined 274 as the relative displacement of two opposing particles of the wheel and the rail 275 with respect to each other in one time step ∆t = ∆x/v, is obtained as
The variable u ′ Iτ represents the local displacement at the previous time step.
277
In Kalker's formulation, W Iτ is the rigid shift calculated as
where ξ, η and φ are the longitudinal, lateral and spin creepages. In this paper,
279
the contribution of the structural dynamics of wheel and track is added to the 280 rigid shift:
where ξ 
283
In the slip area, the following relations hold:
where µ is the friction coefficient, which is assumed constant. Equation (23) 285 ensures that the slip occurs in the direction opposite to the tangential stress.
286
Equation (24) states that the tangential stress in the slip zone is equal to the 287 traction bound µp I3 .
288
The tangential contact problem is solved with an active set algorithm [33] 289 combined with the Newton-Raphson method.
290
Simulation results
291
In this section, the model described in Section 2 is applied to calculate high- an underradial position of the wheelset in the curve, which is a typical config- should be noted that this simplification could influence the simulation results.
308
Wheel flange/rail gauge corner contact has not been considered. 
Dynamic wheel/rail interaction
333
The dynamic wheel/rail interaction during curving has been calculated for a 334 range of different input parameters in order to investigate possible instabilities.
335
In each simulation, the total simulated time is 3.5 s. The preload and the 336 creepages are applied gradually in the first 0.14 s of the simulation.
337
The time-domain simulations make it possible to determine the amplitude of degree -is an estimator for the strength of squeal.
354
In the simulation with the nominal parameters from Table 3 , denoted simula- as long as in the case of simulation I (Fig. 17) . The change of mean value of 393 the lateral force in Fig. 22 is explained by a lateral shift of the wheel on the 394 rail. In the stick/slip oscillation of simulation XI, the lateral force stays below 395 the traction limit µF 3 at all times (Fig. 24) and the division of the contact 396 zone oscillates between the two extremes depicted in Fig. 25 .
397 Table 4 Main frequency component in simulations with L F 2 > 0 dB. highlights the strongly non-linear character of curve squeal. Remarkable in 413 the case ∆y WR = −10 mm is the shape of the contact zone, which is split into 414 three separate zones (Fig. 30) . coefficient, but also in the case of constant friction. function of the wheel did not have any influence on the stick/slip oscillation.
429
The validity of the simulations presented is limited by the model assumptions.
430
The surface roughness of wheel and rail (which could be included as described 
438
The simulation results are, however, in good qualitative agreement with gen-
439
eral observations about squeal noise and results reported in the literature.
440
Squeal is known to occur predominantly at frequencies corresponding to axial 
464
One essential feature of the simulation model is that the coupling between nor-465 mal and tangential directions is taken into account. This was a main condition 466 for being able to investigate the occurrence of squeal for constant friction val-467 ues instead of falling friction curves.
468
In the rather limited parameter study presented in this paper, certain cases 469 could be identified where strong unstable tangential contact forces appeared.
470
In all cases, the exhibiting frequencies were close to wheel resonances corre- 
478
In addition, the simulation results show that squeal can be observed even for 479 a constant friction coefficient as suggested by previous publications.
480
Although the results shown in this paper are samples rather than due to an 
